Numerical investigation of laminar diffusion flames established on a flat plate in a parallel air stream is presented. A numerical model with a multi-step chemical kinetics mechanism, variable thermo-physical properties, multi-component species diffusion and a radiation sub-model is employed for this purpose. Both upward and downward injection of fuel has been considered in a normal gravity environment. The thermal and aerodynamic structure of the flame has been explained with the help of temperature and species contours, net reaction rate of fuel and streamlines. Flame characteristics and stability aspects for several air and fuel velocity combinations have been studied. An important characteristic of a laminar boundary layer diffusion flame with upward injection of fuel is the velocity overshoot that occurs near the flame zone. This is not observed when the fuel is injected in the downward direction. The flame standoff distance is slightly higher for the downward injection of fuel due to increase in displacement thickness of boundary layer. Influence of an obstacle, namely the backward facing step, on the flame characteristics and stability aspects is also investigated. Effects of air and fuel velocities, size and location of the step are studied in detail. Based on the air and fuel velocities, different types of flames are predicted. The use of a backward-facing step as a flame holding mechanism for upward injection of fuel, results in increased stability limits due to the formation of a recirculation zone behind the step. The predicted stability limits match with experimentally observed limits. The step location is seen to play a more important role as compared to the step height in influencing the stability aspects of flames.
INTRODUCTION
Studies on structure and stability of different types of diffusion flames have been carried out by several researchers. One of the types, the laminar boundary layer over a flat plate with a diffusion flame, has been studied by a number of investigators both experimentally and numerically. Emmons [1] developed a similarity solution for this problem. Hirano and Kanno [2] and Hirano and Kinoshita [3] performed experiments using gaseous fuels (methane and propane) and liquid fuels (methanol and ethanol), and measured temperature and velocity profiles. They observed that velocity overshoot, local stream-wise direction velocity exceeding the freestream value, occurred near the flame zone. Experimental studies have been reported where the aerodynamical structure and stability of the flow have been studied by using a gaseous fuel injected uniformly through a porous plate in a parallel air stream (Hirano et al., [4] , Torero et al., [5] ). Ha et al. [6] have studied the effect of burner geometry on separation at the leading edge at high air velocities (U ∞ > 1 m/s). The effect of buoyancy on extinction limits and flame shape have been reported by Torero et al. [7] . Studies on the extinction and the stability processes were carried out by Ramachandra and Raghunandan [8] . They reported that extinction was believed to be due to the thermal quenching of the flame. They also investigated the influence of buoyancy and the direction of fuel injection with respect to gravity vector, on the structure, stability and extinction limits of diffusion flames using vaporized n-pentane injected into a cross flowing air stream. They concluded that there was no velocity overshoot for the case with downward injection due to adverse pressure gradients. Experimental investigations on the aerodynamic structure of a laminar boundary layer flame over a horizontal flat plate were done by Ueda et al. [9] . They considered both upward and downward injection of the gaseous fuel. They observed that when the fuel (methane) is injected upward, the velocity around the flame zone was accelerated and the velocity gradient near the wall was increased. On the other hand, when the fuel was injected downward, the velocity was retarded and the velocity gradient at the wall was decreased not only in the downstream region of the leading flame edge but also in the upstream region. The reason for this trend was reported as the effect of the gravitational forces on the aerodynamic structure in a wide region, which changes the local pressure distribution within the boundary layer. Brahmi et al. [10] studied the influence of fuel injection velocity (v w ) on flow structure and the influence of thermal expansion on the flame. They have concluded that a minimum fuel injection velocity was necessary for the flame to be stable. For low flow velocities (both U ∞ and v w ) thermal expansion plays a dominant role on the flame geometry and flow field.
Stabilization of a diffusion flame is a critical issue in many practical burners or furnaces. In particular, the stability of the flame depends on the detailed flow structure near the leading edge of the fuel port. Ohyagi et al. [11] conducted an experimental study of the flame stabilization using a cylinder situated with its axis perpendicular to the main stream at upstream of the front edge of the liquid fuel surface. Their results showed that, under certain conditions of the freestream velocity and the distance between the cylinder and the edge, the flame can be stabilized on the cylinder. Raghunandan and Yogesh [12] put a thin diaphragm as an obstacle at the leading edge of a porous plate to study its effects on the stability, structure, and heat transfer to the wall. Rohmat et al. [13] conducted experiments on the diffusion flames established over horizontal flat plate with and with out obstacles. They considered two types of obstacles, a backward facing step and a rectangular cylinder, located upstream of a porous plate, through which methane was injected. The flames were observed and the flow fields were visualized by direct and schlieren photography techniques. Stability limits were plotted for various fuel (v w ) and air (U ∞ ) velocities as well as size and position of the obstacles used. They observed that the regions of stable flame in the stability diagrams are considerably enlarged by the existence of an obstacle. The re-circulating flow established behind the obstacle play an important role in holding the flame by transporting the fuel behind the obstacle and mixing it with air. Juniper and Candel [14] studied the effect of step height, Spalding transfer number and Damköhler number on the different flame configurations behind a step over a liquid reactant. They concluded that when the step height was large, the flame tucks behind the lip and was affected very little by the Damköhler number. But, when the step height was small the flame was exposed to the free stream and was very sensitive to the Damköhler number or to the vortex from the step and Spalding number has a very little effect on the flame stabilization.
Chen and Tien [15] were the first to study the flame stabilization and blow-off phenomena by developing a numerical model showing the effect of varying Damköhler numbers to the stability of the diffusion flame established over a flat plate in a forced convective flow field. Kodama et al. [16] solved the elliptic set of Navier Stokes equations, including finite rate kinetics, to calculate the stability of the leading edge as a function of velocity and oxygen concentration of the gas flow. Wang et al. [17] and Rouvreau et al. [18] developed a two dimensional numerical study with a configuration similar to the experimental configuration used by Torero et al. [5] , where ethane was injected through a sintered bronze plate in microgravity conditions with free stream velocities below 0.2 m/s. Recently, the formation of a laminar boundary layer flame over a methanol pool was studied by Raghavan et al. [19] using a numerical model with an optically thin approximation based thermal radiation model incorporated to describe the radiation losses.
Based on the above literature survey, it is clear that detailed studies on the characteristics of a laminar boundary layer diffusion flames have been carried out by several researchers. The following studies can be undertaken to understand the basic structure of cross-flow diffusion flames of different configurations. The effect of buoyancy forces on the diffusion flame characteristics for downward injection of fuel can be studied in detail. Characteristics of flames in the presence of complex flow structure with an obstacle placed in the flow can be studied in more detail. Numerical simulations using a validated numerical model would help in understanding the overall flame characteristics under different conditions by presenting the quantities those are difficult to measure over the entire domain. When an obstacle is present, the formation of experimentally observed flames such as lifted flames, plate-stabilized flames, separated flames and step-stabilized flames can be studied in detail using such a numerical model. Therefore in the present study, laminar boundary layer diffusion flames established over a flat plate are investigated for both upward and downward injection of fuel under normal gravity conditions. Methane is used as the fuel. A numerical model with a multi-step chemical kinetics mechanism, variable thermophysical properties, multi-component species diffusion and a radiation sub-model is employed for this purpose. Influence of an obstacle, namely the backward facing step, on the flame characteristics is also investigated. Effects of air and fuel velocities, size and location of the step are studied in detail. The thermal and aerodynamic structure of the flame has been explained with the help of temperature contours, net methane reaction rate, contours of species such as H, OH, CH 3 and CO, and streamlines.
DESCRIPTION OF THE NUMERICAL MODEL
In the present study, numerical simulations of the combustion processes are carried out using commercial CFD software, FLUENT 6.3 [20] . The salient features of the numerical combustion model include temperature and concentration dependent thermophysical properties such as density, specific heat, thermal conductivity and viscosity, multi-component species diffusion, multi-step chemical kinetics mechanism, and optically thin approximation based thermal radiation sub-model. The governing equations involving conservation of species, mass, momentum and energy, in Cartesian coordinates, are described in user manual of FLUENT [20] . A Finite Volume Method (FVM) based discretization approach and SIMPLE algorithm for velocity-pressure coupling are employed for solving the governing transport equations. A second order upwind scheme has been employed in convective terms. A laminar species transport model with volumetric reactions is used along with finite rate chemistry. Full multicomponent diffusion along with a diffusion energy source is used to model the species diffusion [20] . Arrhenius type of rate equations are used to obtain the reaction rates of all the reactions. The net rates of formation of several species participating in the multiple chemical reactions have been solved simultaneously using a stiff chemistry solver. A skeletal mechanism for methane oxidation that neglects C2 and higher carbon species have been obtained from Peters and Rogg [21] . This C1 mechanism consists of 43 reaction steps and 18 species. The effect of normal gravity has also been included in the model. Optically thin approximation based radiation model has been incorporated in FLUENT using a user-defined function (UDF). Thermal radiation absorption by species such as CH 4 , CO 2 , CO and H 2 O has been modelled by optically thin approximation based radiation sub-model. Barlow et al. [22] employed the assumption of optically thin transfer of heat by radiation between the flame and cold surroundings through the participating species. In this approach, the thermal energy loss term due to radiation can be expressed in the following form.
(1)
In equation (1), σ is the Stefan-Boltzmann constant equal to 5.669 × 10 -8 W/m 2 K 4 , T is the local flame temperature, T b is the atmospheric temperature, p i is the partial pressure of species i in atmospheres and a Pi is the Planck mean absorption coefficient for species i, which can be calculated as a function of temperature and species mole fractions [22] . Equation (1) is added as a source term to the energy equation using an user defined function (UDF).
σ Thermo-physical properties of the species have been calculated as functions of temperature and species concentrations. The properties of each species as a function of temperature have been calculated using kinetic theory and CHEMKIN [23] thermodynamic database. Viscosity, binary mass diffusivity and thermal conductivity are calculated using kinetic theory. Specific heat capacities are calculated using temperature dependent piecewise polynomial functions. For the mixture, density is calculated using mixture molecular weight and ideal-gas equation of state, specific heat capacity using the mixing law, viscosity and thermal conductivity using ideal gas mixing law. Mass diffusivity for any species diffusing into the mixture has been calculated using full multi-component diffusion approach [24] . Effect of gravity driven flow is considered in all cases. Apart from C1 mechanism, a 2-step kinetics mechanism reported in Westbrook and Dryer [25] for methane oxidation is also used for comparison purpose. Overall, this numerical model is very similar to the model reported in Bhadraiah and Raghavan [26] .
Numerical domain and boundary conditions
The two-dimensional computational domains employed in the present study are shown in Fig. 1 . The domain extents are chosen as per the dimensions reported in the experimental setup. The boundary conditions are described as follows.
Fuel Inlet: At the fuel inlet boundary, the uniform velocity for the methane jet is specified. A constant temperature of 300 K and a fuel mass fraction of unity are prescribed. In the modelling of sintered metal plate being used as the fuel port, this boundary condition will become non-trivial. The diffusion of product and inert species to the plate surface is unavoidable and those species will have their net mass flux as zero. Methane will have a mass flux based on its supply mass flow rate. In this case, the mass fraction of fuel may not be unity but will be less than unity. However, in this study, the major simplification assumption is that the mass fraction of methane in the fuel inlet is unity.
Air Inlet: At the air inlet, a uniform velocity of air is given as the boundary condition with the oxygen mass fraction of 0.232 and a constant temperature of 300 K.
Wall: The top and bottom walls have been modelled as zero thick walls with no slip condition for the velocities and an adiabatic condition for the temperature. For species, its first derivative is set to zero at the wall. The adiabatic condition used in the bottom wall region may have some deviations from the actual boundary condition existing in the experimental set up. However, it has been shown by Bhadraiah and Raghavan [26] that the adiabatic condition predicts the temperature profile in the burner wall close to the experimental measurements.
Pressure Outlet: At the exit boundary, the flow with the products of combustion leaves to the atmosphere. Due to the buoyancy driven flow, incoming flow can also occur at this boundary at few cells. Therefore, a pressure outlet condition, which drives the flow with respect to local pressure gradient, has been chosen at this boundary. Pressure outlet boundary conditions require the specification of a static (gauge) pressure at the outlet boundary. All other flow quantities are extrapolated from the interior [20] . For reversible flow from the exit, proper back flow conditions such as ambient temperature and chemical species mass fractions (0.23 for oxygen and 0.77 for nitrogen) are provided.
The problems considered in this study are two-dimensional in nature. However, in the validation cases, a three-dimensional (3D) domain is also employed along with a 3D solver to compare the results and to ensure that a two-dimensional domain itself is sufficient for parametric studies.
Grid independence study
The domain has been divided into several quadrilateral control volumes. Multi-block and structured grids are used with non-uniform spacing in the x-and y-directions. The grid spacing in the y-direction is refined near the bottom wall where the flame is formed. Grid independence study is performed using grids of sizes 400 × 120, 300 × 120, 200 × 120, 200 × 100 and 160 × 100 for the 2D model. For the 3D model, three grids with hexahedral meshes having 134400, 167454 and 199640 cells are considered. The difference in the peak temperature of the flame is less than 2% for all the grids in both 2D and 3D numerical domains. The temperature profiles across a boundary layer flame at a certain stream-wise location, x, from the leading edge of flat plate are plotted for all the above grids. It has been observed that the temperature profiles are almost similar (Fig. 2) . Therefore, a grid containing 200 × 120 cells has been employed for a 
Solution procedure
Cold flow case is executed for around 3000 time steps. Then the mixture of fuel and oxygen is ignited by setting a temperature of 1800 K in few of the cells where proper mixing has taken place. The convergence criterion for all the equations is that the difference between the current and the previous iteration value is below 1 × 10 -6 . All the cases produced either a steady solution of time dependent steady oscillations. The time step size is 1.0e-05 seconds, which was obtained by carrying out a time-step independence study. It takes about 70000 time steps to have either a converged solution or to obtain enough cycles in a solution having steady oscillations. The results are processed once a steady solution is obtained, or by time averaging last 20000 time steps with an interval of 1000 time steps.
VALIDATION OF THE NUMERICAL MODEL
Numerical model has been validated against the experimental results reported in literature (Hirano and Kanno, 1973) for the configuration of upward fuel injection in a cross stream without any obstacle as given in Fig. 1a . Simulations have been have been carried out employing the C1-mechanism and an optically thin approximation based radiation sub-model. Both two-dimensional (2D) and three-dimensional (3D) computational domains have been employed. In the 2D case, additionally the 2-steps mechanism is also employed in the simulation for comparison of the results. Even though the locations of the maximum temperature are captured quite well by all the models, the maximum temperature itself is over-predicted in all the cases. Further, the numerical model under-predicts the temperature near the leading edge of the fuel injection port. The reasons for these discrepancies are due to the following reasons. The temperature has not been corrected for thermometric error due to radiation in the experiments (Hirano and Kanno, 1973 ). An adiabatic condition has been imposed on the walls in all the numerical simulations, since no information about the wall temperature and wall material has been provided in Hirano and Kanno (1973) . This would have imparted a higher wall temperature than that would have been observed in the experiments. With all these reasons, it can be concluded that the numerical model is able to capture a plate stabilized flame quite well. Furthermore, the numerical results show that for plate-stabilized flames, a 2D domain would be sufficient. As expected, the simulation with the 2-steps kinetics predicts the highest maximum temperature; but higher than the 43-steps kinetics model by only around 5%-11% at different x-locations. This shows that the 2-steps mechanism can be employed without much loss of accuracy, noting the computational economy achieved.
For further validation of the numerical model, an experimental case reported by Ueda et al. (1991) has been simulated using 2D numerical model with both 2-steps and 43-steps chemistry models. Non-dimensional velocity (U/U ∞ ) is plotted in Fig. 4 as a , where x 0 is the virtual origin of the boundary layer, ν is kinematic viscosity and U ∞ is the free stream air velocity. Figure 4 shows that except at the leading edge of the fuel port (x = 0 mm in Fig. 4b ), the comparison is quite reasonable. Especially, the predictions of the velocity overshoot at x locations of 10 and 20 mm are quite closer to the experimental measurements. This shows that the numerical model is capable of predicting the aerodynamic and thermal structure of plate stabilized flame quite accurately. Further, it can be noted that the model with 2-steps chemistry is able to predict the velocity profile quite accurately.
RESULTS AND DISCUSSIONS
The results obtained from the numerical investigations of laminar boundary layer type diffusion flames established over a flat plate without any obstacle are presented subsequently. The effect of fuel injection direction (whether upward or downward) and the effects of fuel injection velocity and air velocity on the basic characteristics of diffusion flame are presented in detail. A 2D domain with 43-steps chemical reaction mechanism has been employed in all the simulations. Furthermore, flames established behind an obstacle (backward facing step) are studied. The types of flames formed behind the step and the effect of the step height and its locations are presented in detail.
Since these flames are also two-dimensional in nature [13] , a 2D domain has been employed. Figure 5 show the laminar boundary layer diffusion flame established over a flat plate, when methane is injected perpendicularly into an air stream flowing parallel to the plate surface. Both upward (Figs. 5a, 5c, 5e) and downward (Figs. 5b, 5d, 5f) have been considered. The fuel injection port is located from x = 0.15 m to 0.22 m for both the cases. Figures 5a, 5c and 5e present the temperature contours, streamlines and static pressure contours for the upward injection of fuel, and Figs. 5b, 5d and 5f show the corresponding quantities for the downward injection of fuel. Along with streamlines, gray-scale contours of H mass fraction are also shown in Figs. 5c and 5d. The H atom is formed right-along the maximum temperature zone and depicts the flame zone. A stable two-dimensional laminar diffusion flame is obtained under a uniform air-stream velocity of U ∞ = 1 m/s and fuel-injection velocity v w = 0.07 m/s. For these velocities, for both upward and downward injection cases, a plate-stabilized flame is formed (shown by high temperature contours lines and H atom distribution (Figs. 5c, 5d) ), which is anchored at a location slightly upstream of the leading edge of the fuel injection port on the horizontal plate (around 0.146 m). For the fuel and air velocities considered in this case, the flow residence time is much larger than the reaction time. As a result, the flame zone is formed at locations where fuel and air mix at stoichiometric proportions, making the flame diffusionally controlled. At distances away from the leading edge, the fuel has to travel longer to come into contact with the required oxidizer. Therefore, the flame stand-off distance (distance of the maximum temperature or the reaction zone from fuel port) increases with the distance downstream from the leading edge. For the upward injection case, near the trailing edge and further downstream, the flame concaves upwards due to buoyancy induced flow, which is shown in Fig. 5(c) . The atmospheric air coming in from the exit of the domain pushes the flame upwards. For the upward injection case, the flame shape depicted using temperature contours show that the flame is steady through out with its shape changing from convex to concave. However, for the downward injection case, the flame zone has almost no oscillations only till the end of fuel injection port (x ≈ 0.22 m). After this distance, along the stream-wise direction, wavy type flow and temperature fields are observed (Figs. 5b and 5d ). Since the hot gases move upwards, the re-circulatory flow of atmospheric air entering through the exit of the domain is not observed for downward injection case (Fig. 5d) . The presence of the oscillations is explained with the help of static pressure contours (Figs. 5e, f). The contours of static gauge pressure, in Pa, for the upward injection case (Fig. 5e) show an almost gradually changing pressure field. On the other hand for the downward injection case, pressure field shows a gradually decreasing trend until x = 0.22 m. Flame is also non-oscillatory till this point. After this point, the pressure field shows a zigzag type of variation ( Fig. 5f ) and due to which, wavy type flow and temperature fields are observed in the flame zone. These types of plate stabilized flames can be obtained when v w is greater than 1.2 cm/s and U ∞ is less than 1.6 m/s. Figure 6 shows the stream-wise velocity profiles across the flame at several streamwise locations measured from the leading edge of the fuel injection port (0 mm, 10 mm, 20 mm and 30 mm from the leading edge), for both upward and downward injection of fuel. For the case with upward injection, a local velocity overshoot occurs near the flame zone. The maximum overshoot value increases with the distance from the leading edge. At a location 10 mm from the leading edge of the fuel port, the maximum velocity just exceeds the free-stream value. This velocity over shoot occurs due to the pressure distortion on the air-stream side of the flame zone, caused as a result of the rapid increase of the displacement thickness of the boundary layer with a diffusion flame as described by Hirano and Kanno [2] . The increase in displacement thickness is due to the temperature gradients along the streamline or by the streamline distortion (Fig. 5c ) caused due to flame reaction. From Fig. 6 , it is observed that there is no significant velocity overshoot when the fuel is injected in the downward direction. This is due to buoyancy induced adverse pressure gradients in the downstream side of the fuel injection port [8] . Figure 5 (f) shows these adverse pressure gradients in the downstream side of the flame zone. Figure 7 shows the variation of flame characteristics in terms of temperature contours and streamlines with upward fuel injection velocity (v w ) at a constant free-stream air velocity of 1 m/s. Gray-scale contours of OH mass fraction are also shown along with streamlines. Black and white colours show the maximum and minimum contour values, respectively. It is seen that maximum OH occurs in the maximum temperature region and therefore, represents the flame zone. As expected, with the decrease in fuel injection velocity from 0.05 m/s to 0.015 m/s, the flame stand-off distance reduces. For v w = 0.05 m/s a steady plate stabilized flame is obtained and this is consistent with the stability diagram provided in Rohmat et al. [13] . The ratio of the momentum flux of air (ρV 2 ) air to that of fuel (ρV 2 ) fuel has a value around 725 for this case, where ρ is the density and V is the velocity. As the fuel injection velocity is reduced to 0.015 m/s, the ratio of momentum flux of air to that of fuel increases to 8050. Since the air momentum has increased relatively, fuel transport gets affected. As per the stability diagram in Rohmat et al. [13] , an oscillatory flame should be observed. This is due to the fluctuations in the amount of fuel reaching the combustion zone. For this case, the numerical prediction shows that the instantaneous temperature field shows wavy pattern in downstream locations (Fig. 7c) . Corresponding streamlines are also shown in the right side. This shows that the numerical predictions capture the experimental trends quite well. It should be observed that for v w = 0.015 m/s, the flame still remains anchored to the plate just upstream of the fuel port leading edge, as there is sufficient time for the proper mixing of reactants. When the fuel velocity is reduced below 0.01 m/s, the flow residence time required to form a combustible mixture near the leading edge region decreases because of reduced fuel supply and the flame is unable to sustain upstream of the fuel port. A combustible mixture is created only at some down stream location where there is enough residence time for the stoichiometric mixture formation. The ratio of momentum flux of air to that of fuel increases to around 18100 for this case. Rohmat et al. [13] have experimentally observed that partial or full flame extinction could result when fuel velocity is reduced below 0.008 m/s. In agreement with that, the initial flame location or the anchoring point moves downstream as shown in Fig. 7 (e) for v w = 0.008 m/s, and further downstream for v w = 0.0025 m/s (Fig. 7g) . The ratio of momentum flux of air to that of fuel for these cases are around 28300 and 290000, respectively. This rapid increase of the ratio forms a primary reason for the movement of the flame anchoring point. It should be noted that these flames become non-oscillatory for the given velocity pairs, which may be due to partial premixing. Further reduction in the fuel velocity makes the flame to anchor further downstream and eventually blow out at a critically low fuel injection velocity. Figure 8 shows the variation of the flame structure for different free-stream air velocities, at a constant upward fuel injection velocity of 0.07 m/s. It is observed that at a low air velocity of 0.2 m/s, the ratio of momentum flux of air to that of fuel has a value around 15. Due to oxygen requirement, fuel travels a longer distance and the flame stand-off distance downstream of the fuel port is much higher. Flame is anchored to the plate just upstream of the fuel port. This case is clearly in the plate stabilized flame region in the stability diagram reported in Rohmat et al. [13] . For this low air velocity the buoyancy forces overcome the inertia forces. A large re-circulatory air flow from the exit occurs due to buoyancy and this pushes the flame upwards as shown in Figs. 8 (a, b) . The mass fraction contours of CH 3 are shown in Fig. 8 along with the streamlines. The distribution of CH 3 is seen on the fuel side below the maximum temperature zone. When the air velocity is increased to 0.6 m/s, (momentum flux ratio increases to around 133) the flame anchoring point remains the same as in the previous case indicating that there is still sufficient time for the fuel and air to mix properly (plate stabilized flame case). However, it can be noted that the flame stand-off near the exit of the domain has reduced less than half of the value observed in the previous case (Figs. 8 (c, d) ). This is due to the increase in the inertia force of the air stream. The re-circulatory air entry from the exit of the domain has a reduced size for this case as the buoyancy force is still able to overcome by the inertia force. When the air velocity is increased further to 1.4 m/s, similar trends are observed; the flame anchoring is not affected and the flame stand-off and the re-circulatory zone from exit have reduced significantly (Figs. 8e, 8f ). This is because the momentum flux has increased to a value around 725. However, weak oscillations are observed in the flame zone near the exit of the domain. At still higher air velocity (1.6 m/s), the flow residence time has decreased to an extent that the flame no more anchors to the plate, upstream of the fuel port. Also, at the locations downstream to the fuel port wavy-type temperature and flow fields are seen in the flame zone (Figs. 8 (g, h) ). As per the stability diagram reported in Rohmat et al. [13] , this case falls in a region called "separated flame" and the present numerical prediction is consistent with this observation. A very weak re-circulatory air entrainment is observed near the domain exit for this case. For this fuel and air velocities, oscillations are observed in the flame zone near the exit; CH 3 distribution also shows this trend. For this highest air velocity case, the ratio of momentum flux of air to that of fuel has increased to around 950. It should be noted that the flame does not anchor upstream of the fuel port if the value of the momentum flux ratio increases beyond approximately 725. Figure 9 shows the variations in the flame structure in terms of temperature field and streamlines, for varying downward fuel injection velocities, at a constant air velocity of 1 m/s. As discussed before in upward fuel injection cases, by reducing the fuel injection velocity the flame stand-off distance reduces. This trend is observed in the downward injection case also. The flame anchoring location and the wavy pattern observed in the flame zone at locations downstream of the fuel injection port remain almost the same as the case shown in Fig. 5b . In fact, for all velocities greater than or equal to approximately −0.008 m/s, these oscillations are present in the flame-zone at locations downstream of the fuel-port due to the adverse pressure gradients. This is consistent with the experimental observation of Ueda et al. [9] . Furthermore, it is clear that there is no re-circulatory air entrainment from the domain exit as observed in the upward injection cases. The CO distribution presented along with the streamlines in Fig. 9 , clearly shows where the core reaction is taking place and is important in determining the stability of the diffusion flame [9] . From CO contours, it can be noted that as the fuel injection velocity is reduced from −0.05 m/s to −0.008 m/s (Figs. 9b, 9d, 9f ), flame anchoring moves from upstream of the fuel injection port to slightly downstream of it. Maximum CO values also decreases with decreasing fuel velocity. When the fuel velocity is reduced further to a value of −0.0025 m/s, the flame anchoring location has moved away from the upstream of the fuel port to a location of x = 0.17 m. The distribution of CO is seen in a very small region just after the leading edge of the fuel port with a smaller maximum value (Fig. 9h) . The streamlines for this case are almost horizontal indicating that very little fuel comes down the fuel port. It is observed that the maximum temperature reduces to around 1600 K and the flame zone is restricted to a very small region below the fuel port. When the fuel velocity is further decreased, flame extinction occurs due to the formation of non-flammable and very lean mixture. Figures 10 and 11 show the variations in flame structure with air velocity, at a constant fuel injection velocity of −0.07 m/s. Figure 10a , shows the temperature contours of the flame separated from the boundary layer at a low free-stream air velocity of 0.4 m/s, which is formed due to high adverse pressure gradients caused by the dominant buoyancy forces at this low air velocity. This trend is consistent with the report of Ramachandra and Raghunandan [8] ; with an increase in the adverse pressure gradient, the wall shear stress significantly reduces and the recirculation vortices are found to appear near the plate on the upstream side of the fuel port. As a result, a complete separation of the boundary layer occurs as shown in Fig. 10b . The gray-scale OH contours in Fig. 10b shows the reaction zone. When the separation of boundary layer occurs, the flame appears as "pockets of flames." This is shown in Fig. 10c , where the reaction rate contours are shown. Figure 11 shows the temperature contours and streamlines for increasing air velocities of 0.6 m/s, 1.4 m/s and 2.2 m/s, at a constant fuel injection of 0.07 m/s. When the air velocity is increased from 0.4 m/s to 0.6 m/s, it is observed that the re-circulatory zone present in the upstream location of the fuel port has moved towards the plate with a reduced size. Maximum temperature contours in Fig. 11a shows that the flame has come closer to the leading edge than in the previous case. The buoyancy forces are still stronger to pull up the flame in the downstream locations, so that the flame takes a u-type shape. When the air velocity is increased further to 1.4 m/s (Fig. 11c) , flame gets anchored near the leading edge of the fuel port, slightly on the upstream location. The CO is distributed around the maximum temperature zone, with its value increasing with increasing temperature. This is due to increased dissociation of CO 2 at higher temperature locations. At locations downstream of the end of the fuel port, typical flame oscillations that have been discussed earlier are observed. Flame temperature is seen to increase, which is due to partial premixing occurring for this case. This results in higher CO production also. Furthermore, there is no re-circulatory zone observed in the flowfield for this case (Fig. 11d) . Further increasing U ∞ to 2.2 m/s, the flame anchoring point moves to a location x = 0.17 m, which is due to insufficient flow residence time for the fuel and air to mix at the leading edge of the fuel port. Partial premixing of fuel and oxidizer occurs and the reaction zone is pushed downstream, indicated by the CO contours. On further increasing the air velocity, the flame blows-off.
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Flames behind backward facing step
To increase the stability of boundary layer type diffusion flames, obstacles such as backward facing step are employed. In this study, backward facing steps have been considered with different heights positioned at an upstream location from the leading edge of the fuel port at various distances. The fuel injection port has its leading edge located at x = 0.15 m and it extends up to x = 0.22 m. Only upward injection of the fuel is considered in this study. Based on the velocities of fuel and air and depending on the size and location of backward facing step, different types of flames are observed. Figure 12a , which presents the contours of the net consumption rate (kg/m 3 s) of methane, shows a typical plate-stabilized flame formed behind a backward-facing step of height, H = 5 mm, located at a distance D = 10 mm behind the leading edge of fuel injection port. The free-stream air velocity, U ∞ , is 2. edge of the fuel port, a re-circulatory flow-field is observed (Fig. 12b) . This enables proper mixing of fuel and air, and also increases the flow residence time for the reaction to complete at that location. Therefore, a flame is anchored to the plate between the leading edge of fuel port and the end of backward facing step. A plate-stabilized flame is sustained even at higher velocities when compared to the case with no obstacle. It should be noted that the flame does not sustain for free-stream air velocity above 1.6 m/s when there is no backward facing step. With backward facing step, it is possible to sustain a flame due to the presence of the recirculation zone. For the same fuel velocity, when the air velocity is increased to 2.6 m/s, again a plate stabilized flame is observed (Figs. 12c and 12d ). For this case, the flame stand-off has decreased due to increased air flow. In the stability diagram reported in Rohmat et al. [13] , these cases are located in the lower part of lifted flame region, indicating that flame does not anchor to the plate. However, in the numerical simulations, reaction zone is seen to anchor the plate as in Fig. 12 . This may be due to non-luminous behaviour (blue-flame) of the flame at the anchoring location. velocity combination, a steady lifted flame is sustained with the flame initiating from the recirculation zone behind the step. The increased rate of fuel injection demands more oxidizer to form stoichiometric fuel-air ratio. As a result, the fuel has to travel more distance and the flame stand-off increases for this case. It can also be observed that the centre of the re-circulatory zone has shifted upwards due to higher fuel momentum and as a result, flame lifts-off without anchoring to the plate. Figure 14 clearly shows the influences of flow-field and oxygen distribution in the formation of plate stabilized and lifted flames. Keeping the same fuel injection velocity for this configuration, when air velocity is increased to 2.6 m/s, the flame tries to attach to the backward facing step (Fig. 13c) . The anchoring position does not change much -the vortex behind the backward facing step is similar in both cases. Another effect of this increased air velocity is that the over all flame stand-off has decreased. Furthermore, the air entrainment from the exit which pushes the flame upwards at the exit of the domain (Fig. 13b) has notably reduced when the air velocity is increased (Fig. 13d) . In the stability diagram of Rohmat et al. [13] , these cases appear in the upper portion of lifted flame region and also are clearly predicted as lifted flames by the numerical model.
Plate-stabilized flame
Lifted flame
4.2.3.
Step-stabilized flame For the case with step height H and its location D, both equal to 10 mm, when the air and fuel velocities are given by U ∞ = 3 m/s and v w = 0.08 m/s, respectively, a stepstabilized flame (a flame which is anchored to the backward facing step) is formed as shown by the net consumption rate of methane in Fig. 15a . In the stability diagram of Rohmat et al. [13] , this case comes in step-stabilized region. For this pair of air and fuel velocities and the step height, a large recirculation zone behind the step (Fig. 15b) facilitates the fuel transport up to the edge of the step (Fig. 15c) , where it mixes with the incoming oxidizer. The distribution of CO is also shown in Fig. 15b . Maximum CO (black zone) occurs around the reaction zone shown in Fig. 15a . Figure 15 shows that the streamlines near the leading edge of the fuel port carry the fuel upstream towards the step, so that the flame tip could anchor to the edge of the step to form a stepstabilized flame. This type of flame could be observed by increasing U ∞ or by decreasing D from the case where a plate-stabilized flame or lifted flame has sustained. The above observations of the plate-stabilized flame, lifted flame and step-stabilized flame are in line with the experimental observations reported by Rohmat et al. [13] . Figures 16(a, c, e (Figs. 16b, 16d, 16f ), which change its size and shape in stream-wise and lateral directions with respect to time. As a result, the flame zone also oscillates in y-direction.
Oscillating flame
Effect of the step height
The effect of the step height on the structure of the flame has been performed for three step heights (H) of 5 mm, 10 mm and 15 mm. The location of the step upstream to the fuel port, D, is kept constant as 10 mm. Similarly, the air and fuel velocities are maintained constant for all the cases; U ∞ = 1 m/s and v w = 0.008 m/s, so that steady flames are established. From Fig. 17a , which shows the net methane reaction rate contours, it is observed that for at a step height of 5 mm, a plate-stabilized flame is formed. This is also shown by the CO distribution (Fig. 17b) . A recirculation zone behind the step facilitates mixing of the fuel and air and as a result, a flame is anchored to the plate at a location 2 mm upstream of the leading edge of the fuel port. With the increase in the step height from 5 mm to 10 mm, a lifted flame is formed as shown in Figs. 17c. As the step height increases, for the same fuel and air velocities, the recirculation behind the step disappears and maximum CO is formed around the reaction zone (Fig. 17d) . At this condition, the initial point of the flame sustains at a location where the mixture is nearly stoichiometric, without attaching to either the plate or the step. The streamlines show that the re-circulating air entrainment from the domain exit has increased with the step height. Further increase in the step height from 10 mm to 15 mm results in the formation of a stepstabilized flame as shown by the methane reaction rate contours and CO distribution in Figs. 17e, 17f. This is due to reappearance of the mixing zone behind the step as shown by the streamlines in Fig. 17f . In this case also, it is observed that the size of re-circulating air entrainment from the domain exit has increased with the step height. Fig. 18a , it is observed that for D = 0 mm, when the step is located at the leading edge of the fuel port, a step-stabilized flame is formed since there is no gap between the fuel port leading edge and the step (no re-circulation zone is seen near the leading edge of fuel port as in Fig. 18 b) . At a location where fuel is almost consumed, a flame zone is observed. As D is increased to 10 mm, a lifted flame initiating from the recirculation zone behind the step is formed, as shown in Figs. 18c and 18d . This is due to the insufficient intensity of the recirculation flow behind the step to transport the fuel upstream towards the step, as reported by Rohmat et al. [13] . It can be noted that for this configuration the re-circulatory air entrainment from the domain exit has a reduced size when compared to the previous case. With further increase in D to 40 mm, a lifted flame as shown in Fig. 18e is formed. The location of the initial part of the flame is almost unaltered, since this is dictated by the larger vortex flow field formed behind the step. However, multiple vortices are observed in the gap between the leading edge of the fuel port and the step (Fig. 18f) . Also, it can be noted that the re-circulatory air entrainment from the domain exit has increased for this configuration. This shows that the gap between the fuel port and the step, D, has a major influence on the structure and stability of the flame when compared to the height.
Effect of location of the step
CONCLUSIONS
The characteristics of a laminar boundary layer type diffusion flames established over a horizontal flat plate in a parallel air stream have been studied numerically. The effects of the free stream air velocity and the fuel injection velocity have been studied for both upward and downward injection of fuel with the help of temperature profiles and streamlines. The effect of obstacle such as a backward-facing step on the characteristics and stability of the flames, under several air and fuel flow conditions, have been studied in detail. The effects of step height and the position of the step with respect to the leading edge of fuel port on the flame characteristics have been presented. The salient results are given below. An important characteristic of a laminar boundary layer diffusion flame with upward injection of fuel is the velocity overshoot that occurs near the flame zone due to the pressure distortion on the air-stream side of the flame caused by the rapid increase in the displacement thickness of the boundary layer with a diffusion flame. The velocity overshoot which is observed in the case with upward injection of fuel is not observed when the fuel is injected in the downward direction. This typical behaviour is due the buoyancy induced adverse pressure gradients in the downstream side of the fuel injection port caused by the density differences between methane and air. The flame stand-off distance is slightly higher for the downward injection of fuel due to an increase in the displacement thickness of boundary layer. It is found that for upward injection of fuel, a plate stabilized flame is formed for U ∞ between 0.2 m/s and 1.6 m/s, and for v w greater than 1.2 cm/s. For U ∞ above 1.6 m/s the flame blows-off due to very less residence time. Reducing the value of v w below 1.2 cm/s, results in unstable flames. On the other hand, for downward injection of fuel, a plate-stabilized flame occurs for slightly higher U ∞ values; between 0.6 m/s and 2 m/s with a minimum fuel injection velocity of 0.005 m/s. For U ∞ below 0.5 m/s, a separated flame is observed due to the separation of boundary layer as a result of increased adverse pressure gradients.
The use of a backward-facing step as a flame holding mechanism for upward injection of fuel results in increased stability limits. For the air velocity of as high as 3.6 m/s (considered in this study), a stable flame is observed. This is because of the formation of a recirculation zone behind the step, where reduced velocity-field results. This aids in proper mixing of the fuel-air mixture and increases the residence time for the reaction to complete. By varying the step height (H) from 5 mm to 15 mm, it is observed that the flame transforms from a plate-stabilized flame to a step-stabilized flame with the formation of a lifted flame for certain velocity pairs. By varying the position of the step (D) from 0 to 40 mm, for same velocities, a lifted flame is formed from a step-stabilized flame due to the insufficient intensity of the recirculation to transport the fuel near to the step. The step location is seen to play a more important role as compared to the step height in influencing the stability aspects of flames.
